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The eyes absent (eya) gene plays an essential role in the events that lead to formation of the Drosophila eye; without
expression of eya in retinal progenitor cells, they undergo programmed cell death just prior to the morphogenetic furrow,
leading to an eyeless or reduced eye phenotype. The eya gene has recently been found to be highly conserved to humans,
de®ning a new gene family. Insights into the gene's function in the ¯y, therefore, are likely to be relevant to the role of
its homologs in vertebrates. Detailed studies at the subcellular level indicate that the Eya protein is localized to the
nucleoplasm, suggesting a role in control of nuclear events. The eya gene shows expression and roles in tissues other than
the eye, including subsets of cells of the adult visual system, brain, and ovary, as well as an elaborate expression pattern
in the embryo. Various mutations in the eya gene cause loss of ocelli, female sterility, or lethality. Analysis of the embryonic
lethal phenotype indicates that mutant alleles show defects in head morphogenesis. These data indicate that eya has
critical roles in morphogenesis of a number of tissues in the animal, in addition to its role in early eye formation. Despite
multiple roles at multiple stages of development of the ¯y, both the type I and type II forms of the protein, when expressed
ectopically during larval development, can direct eye formation. q 1998 Academic Press
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INTRODUCTION Many genes have been shown to be involved in the differ-
entiation of the speci®c cell subtypes. Genes involved in
Drosophila presents an incisive system in which to ap- events anterior to the furrow, in addition to eya (eyes ab-
proach the molecular genetic control of various aspects of sent) include eyeless, dac (dachshund), and sine oculis (Bon-
cell differentiation. In particular, many genes have been ini et al., 1993; Cheyette et al., 1994; Mardon et al., 1994;
identi®ed through roles in morphogenesis of the compound Quiring et al., 1994; Serikaku and O'Tousa, 1994). Events
eye, where a stereotypical set of events leads to an exqui- anterior to the furrow include acquisition of competence to
sitely precise developmental pattern, such that perturba- form eye tissue, differentiation mechanisms such as receiv-
tions due to gene defects can readily be detected. Differenti- ing or transducing signals, cell cycle control, and mainte-
ation of eye progenitor cells, beginning during the third nance of cell survival (for reviews, see Thomas and Zipur-
instar larval stage, is marked by the advance of a morpho- sky, 1994; Bonini and Choi, 1995; Bonini, 1997). Both eye-
genetic furrow across the eye disc epithelium. Anterior to less and sine oculis present clues to their function based on
the furrow are dividing progenitor cells, in and posterior to sequence homology: both are homeobox genes (Cheyette et
the furrow, cell±cell interactions occur in a choreographic al., 1994; Quiring et al., 1994; Serikaku and O'Tousa, 1994).
sequence leading to assignment of individual cellular identi- The eyeless gene is a Drosophila homolog of the human
ties (Ready et al., 1976; recent reviews include Thomas and aniridia gene (Quiring et al., 1994); vertebrate homologs of
Zipursky, 1994; Zipursky and Rubin, 1994; Bonini and sine oculis de®ne the Six class of genes, and are expressed
Choi, 1995; Heberlein and Moses, 1995). in the eye and other tissues (Oliver et al., 1995). Ectopic
expression of eyeless or dac can induce the formation of
eye tissue at abnormal sites (Halder et al., 1995; Shen and1 To whom correspondence should be addressed at Department
Mardon, 1997), suggesting that both of these genes have theof Biology, 415 S. University Ave., University of Pennsylvania,
ability to direct the eye developmental pathway.Philadelphia, PA 19104-6018. Fax: 215-898-8780. E-mail: nbonini@
The eya gene predicts a novel protein, of which there aresas.upenn.edu.
two alternatively spliced forms called type I and type II2 Present address: Department of Biology, KBT 640, Yale Univer-
sity, Box 208103, New Haven, CT 06520-8103. which are largely the same, differing only in N-terminal
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against a portion of the predicted Eya protein, as described (Boninisequence (Bonini et al., 1993). Recently, Eya has been found
et al., 1993). These antibodies react both with protein produced byto be strikingly conserved in vertebrates; the region of great-
heat shock expression and with bacterially expressed Eya protein.est homology de®nes a new motif, the Eya Domain (Ab-
Immunohistochemistry on eye discs was performed as previouslydelhak et al., 1997; Duncan et al., 1997; Xu et al., 1997;
described (Bonini et al., 1993). For adult head sections, animalsZimmerman et al., 1997). In vertebrates the homologs are
were cryosectioned and stained with Eya antibody; DAPI at 0.05
expressed in the eye, as well as in other tissues (Abdelhak mg/ml was included for counterstaining the DNA. Ovaries were
et al., 1997; Xu et al., 1997; Zimmerman et al., 1997), and stained as whole mounts or as cryosections, by similar methods.
are predominantly observed during development in associa- DAPI staining of ovaries was as described (Ruohola et al., 1991).
tion with tissues undergoing inductive events (Xu et al., For confocal studies of heat shock-expressed protein, third instar
larvae bearing an hs-eyaI insertion were heat shocked for 2 h and1997). Human mutations of the EYA1 homolog result in
then dissected and ®xed for staining. For salivary gland cells ordefects in cranial placode, ear, and kidney formation (Ab-
normal eye discs, tissue was ®xed with 2% paraformaldehyde, per-delhak et al., 1997), probably as a result of haplo-insuf®-
meabilized with Triton, and then stained with Eya antibody (usingciency due to a reduced level of gene activity.
a ¯uorescein-conjugated secondary antibody, Jackson ImmunoRe-Previous analysis of Drosophila eya mutants indicates
search Laboratory) and Texas red-conjugated wheat germ agglutininthat, in eye development, eya is functionally required prior
(1:10,000, Molecular Probes), or propidium iodide (2 mg/ml, Molecu-
to furrow formation (Bonini et al., 1993). Recent evidence lar Probes); standard methods have been described (Bonini et al.,
suggests that, in the eye, eya may be part of the differentia- 1993). Analysis of mutant embryos was performed by immunocyto-
tion pathway, since the type I Eya protein displays the ca- chemistry using anti-HRP antibody (Jan and Jan, 1982; Cappel) and
pacity to direct eye formation when expressed ectopically MAb22C10, which recognizes the entire ¯y nervous system (Zipur-
sky et al., 1984), using secondary antibody conjugated to alkaline(Bonini et al., 1997). Moreover, eya biologically synergizes
phosphatase (Jackson ImmunoResearch Laboratory). For immu-in ectopic eye formation with eyeless, dac, and sine oculis
noblots, adult ¯ies bearing hs-eyaI or hs-eyaII were heat shocked(Bonini et al., 1997; Chen et al., 1997; Pignoni et al., 1997).
for 2 h at 377C, and allowed to recover 1 h at 257C. Then, headsDespite this remarkable effect on eye formation, eya mu-
were cut off with a razor blade and boiled in SDS sample buffer. 5tants have phenotypes in addition to a role in eye develop-
adult heads were run per lane on an 8% denaturing polyacrylamidement, including proper formation of the gonad in embryos
gel and immunoblotted following standard methods (Sambrook et
and embryonic lethality (Bonini et al., 1993; Boyle et al., al., 1989).
1997). Here, we address aspects of a more widespread role Cuticle preparations. For analysis of the embryonic cuticular
of the eya gene in Drosophila, through analysis of its expres- pattern, eggs were collected for 25 h, aged 48 h, and then prepared
sion patterns in other tissues and at other times in develop- within the vitelline membrane, according to described methods
(NuÈ sslein-Volhard et al., 1984).ment. These patterns are correlated with the phenotypes of
eya alleles. Certain ones show loss of a second visual or-
ganÐthe ocelliÐor are female sterile. Others are embry-
onic lethal, having dramatic defects on head morphogene- RESULTS
sis. These observations indicate that the eya gene has an
essential role in the development of tissues in addition to Mutations in eya Show Phenotypes in Addition
the eye. Other studies show that only the type II transcript to a Reduced or Missing Eye
is expressed in the embryo, indicating that the embryonic
function is performed solely by the type II protein (W. Lies- Although the eya gene was initially characterized with
respect to its role in eye development (Bonini et al., 1993;erson, N.Bonini, and S. Benzer, submitted). Nevertheless,
we also show that the type II cDNA can direct ectopic eye Leiserson et al., 1994), some mutations in the gene display
additional phenotypes. Among the available alleles of eya,formation. The location of the protein in the nucleoplasm,
between the chromosomes, suggests that it functions at the there are certain ones that result in loss only of the com-
pound eyes (eya1, eya2; Table 1). These alleles function aslevel of nuclear control.
nulls for the early eye activity of the gene (Bonini et al.,
1993, 1997). However, others show loss of both eyes and
ocelli (eya4; Eisenberg and Ryerse, 1991) and others lead toMATERIALS AND METHODS
loss of eyes, ocelli and female fertility (eya3cs), when homo-
zygous or in trans to a de®ciency (Table 1). Whereas theFly mutants and strains. The alleles of eya used in this study
are described in Bonini et al. (1993), NuÈ sslein-Volhard et al. (1984), above mentioned alleles are viable, many of those generated
Sved (1986), and Eisenberg and Ryerse (1991) . Flies were cultured by ethyl methanesulfonate (EMS) or P-element mutagenesis
on standard medium at 257C. are homozygous lethal. In addition, in trans to the viable
In situ analysis. For these studies, a SmaI fragment (bp 1021± alleles, the lethal alleles can show loss of eyes, ocelli, and
3231) of the eya cDNA was used, which excludes the N-terminal female fertility (Table 1). The most severely lethal alleles
opa repeat and is in common to the type I and the type II cDNAs.
include the eyaclift and eyaD1 alleles, which are embryonicSpeci®c expression was detected using digoxigenin-labeled probes,
lethal. Select EMS alleles are homozygous viable (eyaE3ts),with an alkaline phosphatase-conjugated anti-digoxigenin antibody
or viable in trans to other eya alleles (eyaE3ts, eyaE11), the(Boehringer-Mannheim), following described protocols (Bonini et
survivors of these trans-heterozygous crosses showing a re-al., 1993).
Immunocytochemisty. Monoclonal antibodies were raised duced eye phenotype. In addition, the severity of the eye
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TABLE 1
Eye Phenotype and Lethality of eya Alleles
in trans to eya3cs
Viability, when Eye size,
Allele homozygous over eya1 Eye size Female fertility
Alleles that affect only the eye
eya1 Viable s llll llll
eya2 Viable s llll llll
Alleles that affect the eyes, ocelli, and other phenotypes
eya4 Viable ll ± lll s ± l llll
eya3cs Viable llll s ± lll s
E1 Lethal s s
E2 Lethal s ± l s
E3ts Semilethal llll llll
E4 Lethal l s ± l
E5 Lethal s s
E6 Lethal lll llll
E7 Lethal ll l
E8 Lethal s ± l s
E9 Lethal ll ± lll l ± ll
E10 Lethal s s
E11 Lethal llll lll
E12 Lethal s ± l s
clift 2D18 Embryonic lethal s ± l s llll
clift Z283 Embryonic lethal s ± l s ± l
D1 Embryonic lethal s s(± ll) s
D2 Lethal s s ± l
D3 Lethal s s ± lll
D4 Lethal s s ± ll
D5 Lethal s s ± ll
D6 Lethal s s ± ll
D7 Lethal s s ± lll
Df(2L)eya10 Lethal s s ± l s
Note. Alleles with no letter pre®x are spontaneous in origin; those denoted ``E'' were induced by EMS; those denoted ``D'' arose from
P-element dysgenesis; the ``clift'' alleles were induced by EMS, as reported in NuÈ sslein-Volhard et al. (1984). The results in trans to eya3cs
were obtained from crosses at 197C; all other crosses were done at 257C. For the eye phenotype, ``s'' means eyeless, ``l'' means eye less
than 14 normal size, ``ll'' means eye from 14 to less than 12 normal size; ``lll'' means from 12 to less than 34 normal size; ``llll'' means
from 34 to less than full size. For female fertility, ``s'' means female sterile; ``ll'' means reduced fertility; ``llll'' means normal fertility.
phenotype does not necessarily correlate with the severity the type I and type II proteins at levels detectable by West-
ern blot. Both proteins, subjected to electrophoresis in dena-of the lethal or fertility phenotypes. These data indicate
that the eya gene functions in multiple tissues, including turing polyacrylamide gels, ran at similar rates, correspond-
ing to an Mr of 94 kDa compared with markers (Fig. 1B),the embryo, eyes, ocelli, and female germline (Table 1; Bon-
ini et al., 1993; Leiserson et al., 1994). and stained similarly with our Eya antibody. The bands
frequently showed some heterogeneity around that molecu-
lar weight. The size is slightly larger than that predicted
Subcellular Localization of the Eya Protein from the amino acid sequence alone, possibly due to an
unusual conformation or posttranslational modi®cation.Two cDNA clones correspond to partially different tran-
scripts of the eya gene (Bonini et al., 1993). The sequences The antibody has shown the Eya protein to be nuclear (Bon-
ini et al., 1993). To de®ne the localization of the protein rela-predict a protein of 80.2 kDa for the type I transcript and
of 80.4 kDa for the type II transcript. Whereas we were not tive to chromatin, the protein was localized with greater detail
within nuclei. To do this, the eya cDNA was expressed withable to detect endogenous Eya protein by Western blot of
adult heads (Fig. 1A), bodies, female ovaries, or eye imaginal a heat shock promoter to express the protein in salivary gland
cells, which normally show no Eya protein expression. Eyadiscs (not shown), using transformants carrying heat shock-
inducible constructs of the cDNAs, we were able to express expression by heat shock was comparable or, more frequently,
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nal sequence of the protein. In the developing eye, Eya pro-
tein is found in the nuclei of cells anterior to the furrow
where genetic and phenotypic studies indicate a critical
time for action of the gene in eye progenitor cell survival
(Fig. 3A; Bonini et al., 1993; Leiserson et al., 1994). Follow-
ing the differentiation events at the furrow, the protein per-
sists in undifferentiated cells at the basal region of the disc
and in the developing cone cells at the apical region of the
disc. The developing photoreceptor cells, on the other hand,
gradually shut off expression of Eya. In situ hybridization
studies show also strong transcript expression in the undif-
ferentiated cells in the basal region of the disc. However,
in cells in the apical of the disc where the protein signal is
strong, RNA expression as detected by in situ hybridization
is weak (see Bonini et al., 1993), suggesting the existence
of protein that had earlier been synthesized. In pupal stages,
Eya protein is strongest in cells identi®able by position as
cone cell precursors (Fig. 3B), as well as in progenitors of
the pigment cells (Fig. 3C). In the adult eye, the Eya protein
is expressed in the outermost layers of the retina; most, if
not all, cone and pigment cell nuclei are labeled but not the
FIG. 1. Western of Eya protein in adult heads. (A) Expression of photoreceptor cells (Fig. 3E). This can be seen in the nuclei
endogenous Eya protein was not detectable with Eya antibody. Ho- of photoreceptor neurons R1±R7, which lie more deeply in
mogenates of adult heads, ¯ies of genotype w1118, subjected to heat the the retina, and those of R8 at the basal region, which
shock regime as described in (B). (B) Heat shock-induced expression do not show noticeable expression (Fig. 3E).
of the protein by the eyaII cDNA in homogenates of adult heads,
In the third-instar larval eye imaginal disc, both eyadetected with Eya antibody. Flies of genotype w1118; hs-eyaII, sub-
mRNA and Eya protein are also expressed in progenitorjected to a 2-h heat shock at 377C, followed by a 1-h recovery period.
cells of the ocelli, which occupy a lateral position in theThe same pattern is seen with different eya monoclonal antibodies.
disc: each disc gives rise to one lateral adult ocellus, plus
half of the central one (Fig. 3A, arrowhead). About 30±40
cells of each adult ocellus also express the protein (Fig. 3F).weaker than its expression in tissues endogenously. Micros-
This correlates with the fact that there is loss of the ocellicopy con®rmed that the induced protein was nuclear, with a
in select eya alleles (eya4, eya3cs; Eisenberg and Ryerse,highly structured intranuclear pattern (Fig. 2A). When propid-
1991) and in various interallelic combinations (W. Leiser-ium iodide was used to highlight the nuclear chromatin, anti-
son, N. Bonini, and S. Benzer, submitted). In eya1 and eya2,body staining of the Eya protein showed a pattern quite dis-
which lack compound eyes but do have ocelli, the larvaltinct from the DNAÐthe Eya protein appears nucleoplasmic,
eye discs show expression of the protein and mRNA in themarkedly excluded from the nucleolus, and not present to any
dorsal ocellar primordial region, but not in the region whichsigni®cant extent on the chromatin (Figs. 2B and 2C). This is
generates the compound eye (see also Bonini et al., 1997).in contrast to chromatin binding proteins, such as Polycomb,
The regional expression thus correlates with the regionalwhich show an expression pattern ressembling the chromo-
phenotype, and further supports previous analysis that eya1somal DNA pattern (for example, see Messmer et al., 1992).
and eya2 act as compound eye-speci®c nulls of eya functionIn eye progenitor cells of the third instar larval eye disc, where
(Bonini et al., 1993; Leiserson et al., 1994).the Eya protein is endogenously expressed without the need
for heat shock, the subcellular expression pattern was similar
(Figs. 2D±2F). Eya expression is excluded from the nucleolus, Expression in Clusters within the Brain
and there appears to be minimal overlap between Eya expres-
Antibody against the Eya protein unexpectedly revealedsion and chromatin (box, Figs. 2D±2F). In dividing cells which
strong expression within the adult brain in a set of bilater-are prominent at the top of the eye disc, the protein is mark-
ally symmetric cell clusters, each containing some 50±100edly distinct from the chromatin, with Eya protein expression
cells (Figs. 3G±3I). In serial sections through the brain,appearing in confocal sections as a doughnut outlining the
seven or eight pairs could be identi®ed. These cell clusterschromosomes (arrows, Figs. 2D±2F). Thus, the Eya protein
do not appear to coincide with previous clusters of cellsappears to be nucleoplasmic, showing no evident af®nity for
de®ned by anatomical methods (Strausfeld, 1976; Fischbachthe chromosomes.
and Dittrich, 1989). Thus, rather than identifying anatomi-
Expression of the Gene and Protein cal subsets of cells, these clusters would appear to de®ne
in the Visual System functional subsets of brain cells. What functions these cen-
ters subserve, whether visual or other, remain to be deter-Expression of the Eya protein was assayed with mono-
clonal antibodies made against the 551-amino-acid C-termi- mined. During imaginal development, we also noted that
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Eya is expressed in the lamina precursors cells, and in cells bryonic development. For mRNA expression, a cDNA re-
within the developing brain and ventral nerve cord (data gion common to both the type I and type II cDNAs was
not shown). Eya does not highlight the developed lamina of labeled with digoxigenin and used on whole-mount em-
the adult brain, indicating that at least parts of the brain bryos. Other studies reveal that the sole transcript expressed
expression are transient in nature between the imaginal and during the embryonic stages is the type II (W. Leiserson, N.
adult brain. Bonini, and S. Benzer, submitted). Gene expression begins
zygotically at the onset of the cellular blastoderm, in a dor-
Expression of the Gene and Protein in the Ovary sal anterior crescent at 76±86% of egg length, extending to
a ventral point about 3/4 of the way toward the ventralThe adult female ovary shows expression of both mRNA
midline (Fig. 5A). This expression pattern persists throughand Eya protein in the follicle cells, from the time that they
early gastrulation (Fig. 5B). During gastrulation, the expres-form an epithelial monolayer around the germline cysts
sion broadens anteriorly to cover a wider domain in the(region 2b of the germarium), to stage 10 of the ovariole,
dorsal head, overlapping the area destined to give rise to thewhen the follicle cells commence migration over the devel-
brain; expression is now seen also in a new region along theoping oocyte (Figs. 4A and 4B; King, 1970; Margolis and
dorsal part of the cephalic furrow (Figs. 5C and 5D).Spradling, 1995). This correlates with the fact that select
During extended germ band stages, the head expressioneya allelic combinations are female sterile; in extreme al-
pattern develops into an elaborate mask along dorsal andlelic combinations, ovarian development is arrested very
lateral regions (Figs. 5E and 5F). This expression partiallyearly, at the germarium stage (Fig. 4D). These data suggest
that a lack of follicle cells or inappropriate follicle cell devel- overlaps the procephalic neuroblasts that will form the
opment contributes to the sterile phenotype. During normal brain, extends along the anterior lip of the cephalic furrow
oocyte development, death of follicle and nurse cells occurs from the dorsal midline, and extends ventrally to encom-
at late stages, after their roles in development of the mature pass part of the invaginating optic lobes (anterior arrow,
oocyte have come to completion (King, 1970). Analysis of Figs. 5E and 5F). More anteriorly, expression is seen along
the ovaries of allele combinations with early arrest of the part of the clypeolabrum, near the stomadeal opening. At
germarium, or allele combinations that arrest later during this time, expression is also seen in the mesoderm along
oocyte differentiation, for changes in cell death (using both the length of the embryo (posterior arrow, Fig. 5E). In late
acridine orange and toluidine blue staining methods) failed stage 11 (Fig. 3G) and early stage 12 when germ band short-
to reveal an increase in death of cells in the mutant ovaries. ening begins (Figs. 5H and 5I), expression persists in the
head, whereas the mesodermal expression is rescinded. A
Studies on Embryos Indicate an Elaborate Pattern segmentally reiterated expression pattern begins, with time
of eya Expression of onset proceeding from anterior to posterior. Internally,
the germ cell primordia express the gene (Boyle et al., 1997).Analysis by in situ hybridization and by antibody revealed
highly localized, dynamic expression patterns during em- Upon germ band retraction (Figs. 5J and 5K), expression in
FIG. 2. Expression of Eya protein in salivary gland nuclei and eye progenitor cells. (A±C) Salivary gland nuclei from third-instar larvae
that were heat shocked to express an hs-eyaI transgene, ®xed, and then stained with Eya antibody for Eya protein and with nuclear
markers. (A) Double staining of Eya protein in green and the nuclear membrane in red (wheat germ agglutinin conjugated to Texas red,
which binds nuclear pores highlighting the nuclear membrane). The Eya protein is nuclear and excluded from the nucleolus. (B) Eya
protein expression in a salivary gland cell in green. (C) Double stained for chromatin in red (propidium iodide). The Eya protein and DNA
are mutually exclusive; Eya is also excluded from the nucleolus. (D±F) Endogenous expression of Eya in cells of a third instar larval eye-
imaginal disc. (D) Eya protein in green. (E) Chromatin in red (propidium iodide). (F) Double-stained image. Eya is present in cell nuclei,
being excluded from the nucleolus (box and inset). In dividing cells, Eya localization is markedly distinct from the chromatin, forming a
doughnut (in optical section) that surrounds the chromosomes (arrows). The region of staining is just posterior to the furrow (arrowhead).
Bar in C, 10 mm.
FIG. 3. Expression of Eya protein in eye, ocellus, and brain using monoclonal antibody. (A) Late third instar larval eye disc, whole mount.
Anterior to the right. Arrow indicates the position of the furrow. Eya is expressed anterior to the furrow, in select cells posterior to the
furrow, and in presumptive ocellar progenitors (arrowhead). (B) 72-h pupal eye, whole mount. Eya expression is strong in the 4 cone cells
of each cluster. (C) The same pupal eye preparation at a lower plane of focus. The progenitors of the pigment cells express the Eya protein.
(D) Section through an adult retina, stained with DAPI to reveal the nuclei of the photoreceptor clusters. Nuclei of cone, pigment, and
photoreceptor R1±R7 cells are at the outer region of the retina (double arrows); nuclei of photoreceptor R8 is at the inner layer of the
retina (single arrow). (E) Same section, showing Eya expression in nuclei of cone and pigment cells in the outermost layers of the retina
(arrow). Expression is not detectable in the inner nuclei of photoreceptors R1±R7, nor of the deep nuclei of photoreceptor R8 (compare
with (D)). The external cuticle layer auto¯uoresces. (F) Whole-mount ocelli from an adult head; 30±40 cells per ocellus express Eya protein
(arrows). (G) Schematic outline of the brain section shown in H and I. CB, central brain neuropil; M, medulla neuropil; L, lobula neuropil;
LP, lobula plate neuropil. The latter three regions are parts of the visual processing centers. (H) DAPI staining to reveal the positions of
all cell nuclei. (I) Eya protein expression in the same brain section. The protein is expressed in previously unidenti®ed clusters of 50±100
cells. Serial sections show that the brain contains 8 bilaterally symmetric pairs of such clusters, two of which are shown here. Bar in E,
50 mm for A, 15 mm for B and C, 75 mm for D and E. Bar in F, 25 mm. Bar in I, 50 mm for G, H, and I.
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the head persists, in part associated with the supraoesopha- Staining of the nervous system with anti-HRP and
MAb22C10 showed that homozygous eyaD1 embryos havegeal ganglion, and internal to the clypeolabrum at the most
anterior. The reiterated segmental expression appears asso- relatively normal, albeit somewhat disorganized, develop-
ment of the peripheral and central nervous systems (Fig. 7).ciated with the segmental furrows and lateral ventral nerve
cord (Fig. 5K). Expression also occurs along the peripheral The most dramatic defects seen were in the anterior, with
failure of invagination of the developing brain into the head.edges of the anal pads, and in the pharyngeal muscles (Fig.
5L). In later stages, expression is prominent in three bilater- In the mutant, the brain appeared to be of roughly normal
size based on anti-HRP staining, but was positioned anoma-ally symmetric clusters in the brain lobes (Figs. 5M and 5N)
and in cells along the anterior portion of the ventral nerve lously at the dorsal surface of the embryo (Figs. 7A and 7E).
Mutant animals displayed a deep dorsal cleft, presumablycord (Figs. 5O). The segmental expression pattern is distinct
along the segmental grooves (Figs. 5M and 5N). where the cephalic furrow had initially formed. The lateral
nerves of the peripheral nervous system appeared approxi-Expression of the Eya protein closely follows that of the
RNA. Protein expression, localized to nuclei, begins with mately normal, albeit somewhat disrupted (Figs. 7C and
7G). In the posterior, the peripheral nerves of the ninthan anterior crescent (Fig. 6A) and then becomes modi®ed to
the elaborate mask of expression of the extended germband abdominal segment appeared to be present, but located in
a slightly more dorsal position than normal (arrow, Figs. 7Bstage; it is present both in the head (Fig. 6B) and mesoderm
(Fig. 6C), and new segmental expression develops (Figs. 6D and 7F). In the anterior, the antennomaxillary complex was
more lateral than normal, and the nerves of the epiphysisand 6E). By the time of germband retraction, expression
persists in the head, along segmental grooves (Fig. 6F), and and hypophysis were positioned aberrantly to the anterior,
rather than being internal to the head (Figs. 7F±7H). Theselaterally in a segmentally repeated pattern along the torso
(Fig. 6G). In the ventral nervous system, lateral expression anomalies in positioning of various nerves and brain would
appear to re¯ect failure of proper morphogenetic move-occurs in a segmental pattern. In the head at late stages,
protein is prominent in cell clusters within the brain lobes, ments involved in head involution.
Cuticular preparations of the embryonic lethal mutantsin the pharyngeal muscles, and along the segmental grooves
(Fig. 6I). Expression was not detectable in the primordia of showed severe abnormalities in the head (Fig 8). eyaD1 mu-
tant embryos frequently appeared to have the proper num-the eye imaginal disc of the embryo (Figs. 5N, 6I); earlier
studies showed that Eya begins expression in eye primordia ber of thoracic and abdominal segments, but condensed se-
tal belts. The structure of the cephalopharyngeal skeletonduring the second instar larval stage (Bonini et al., 1993).
in the head was abnormal, being broad, fused, and distorted.
The two arms of the head skeleton, connected by a thick
Mutant Embryos Show Defects in Head mass, were apparent; at the most anterior, the mouthooks
Morphogenesis were frequently discernable. The rest of the tissue appeared
misformed and fused, making it dif®cult to distinguish indi-The extensive embryonic expression pattern of Eya is con-
sistent with the embryonic lethal phenotype exhibited by vidual structures. These abnormalities are consistent with
the defects in staining of the nervous system above, wherevarious eya alleles. Embryonic lethal alleles were therefore
analyzed by staining of the nervous system. Since some nerves of the head were seen aberrantly to project frontally
between the antennomaxillary organs, with the headembryonic lethal alleles of eya, e.g., eyacli2D18, were discov-
ered in screening based on embryonic cuticular pattern de- broader than normal.
fects (NuÈ sslein-Volhard et al., 1984), embryonic lethal al-
leles were also analyzed by cuticle preparations. We used
The eya Gene Directs Eye Formationthe eyaD1 allele, which had been isolated by its failure to
complement the eye phenotype of the eya1 allele, because The above studies indicated that the Eya protein has an
important role in head morphogenesis during embryonicit appeared more severe than the eyacli2D18 allele.
FIG. 4. Expression and function of eya gene and protein in the ovary. (A) In situ hybridization with eya cDNA to wild-type ovarioles
shows expression of the eya gene in the follicle cells, from the germarium through stage 9. (B) Eya protein expression in nuclei of follicle
cells stained with Eya antibody, from the germarium through stage 10.(C) Wild-type ovary stained with DAPI.(D) eya3cs/eyaD1 mutant
ovaries stained with DAPI. Development fails to proceed beyond the germarium stage. Bar in A, 100 mm.
FIG. 5. Embryonic expression of the eya gene by in situ hybridization with eya cDNA probe on whole-mount embryos. Progressive
stages of embryonic development are shown. Anterior to the left. (A) eya expression begins during cellular blastoderm, stage 4. (B) Beginning
of germ band extension, stage 8. Lateral (C) and dorsal (D) views of a later stage 8 embryo, with new expression (arrow in C) along the
cephalic furrow. Lateral (E) and dorsal (F) views of an early germ band extended embryo. Anterior arrows in (E) and (F) indicate invaginating
optic lobes; pl, procephalic lobe area; cl, clypeolabrum near the stomadeal opening. Germ band extended (G) and early germ band retracting
embryos (H, dorsal view in I). Germ band retracting embryos (J, K, a later dorsal view L); spg, supraoesophageal ganglion. Germ band
retracted embryos by lateral (M), dorsal (N), and ventral views (O). Arrows in M and N indicate bilaterally symmetrical expression in the
developing brain lobes. Arrowhead in N points to one of the bilaterally symmetric eye-imaginal disc primordium, which does not show
eya expression, anterior to the brain. Bar in A, 100 mm.
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FIG. 7. Nervous system in normal and mutant embryos, stained for HRP and MAb22C10. Left column, wild-type embryos; right column,
eyaD1 mutant embryos. Germ band-retracting stages. Anterior to the left. (A and E) Lateral views of embryos with highlighted central
nervous system, using antibody to HRP. Arrow indicates position of the brain, which is normally internal (A), but, in the eyaD1 mutant,
has not involuted inside the head (E). (B±D, F±H) Staining of the nervous system with MAb22C10. (B, C, F, G) Lateral views; (D, H) dorsal
views. Brackets (F and H) highlight parts of the head which are aberrant in position in the mutant, having apparently failed to undergo
internalization into the head. Arrows (B and F) indicate the more dorsal localization of the posterior nerves in the mutant compared to
normal. Arrows (G, D, H) highlight the antennomaxillary complex, which is in a more lateral position in the mutant compared to normal.
Bar in H, 100 mm.
development. The eya gene has two different splice prod- type II transcript (Leiserson, Bonini, and Benzer, submitted),
suggesting the possibility that the type I and type II proteinsucts that predict proteins that are identical for much of
their sequence, but differ in the amino terminal sequence are in fact of distinct function. Both the type I and type
II cDNAs are expressed in eye progenitor cells (Leiserson,(Bonini et al., 1993). The eya type I cDNA can induce eye
formation when ectopically expressed (Bonini et al., 1997). Bonini, and Benzer, submitted). To address functional as-
pects of the type II transcript, we asked whether the typeThe embryonic function of eya is performed entirely by the
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FIG. 8. Cuticle preparations of normal and eya mutant embryos. Left, normal; right mutant eyaD1/eyaE(P)10 embryos. (A, B) Dark ®eld
and (C, D) phase contrast. eya mutant embryos show defects in head morphogenesis, resulting in a cephalopharyngeal skeleton that is
improperly formed, being broad, fused, and distorted (arrows in C and D). Bar in D, 100 mm for A and B, 50 mm for C and D.
II protein, even though it normally mediates the embryonic UAS vector (Brand and Perrimon, 1993), and expressed the
typeII protein in a tissue-speci®c manner using the dpp±function of the gene, was capable of directing eye formation
in the animal. GAL4 enhancer construct. This GAL4 line expresses in the
imaginal disc pattern of the dpp gene (Blackman et al.,To do this, we subcloned the type II transcript into the
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FIG. 9. The type II eya cDNA directs ectopic eye formation. (A) Head of a normal ¯y. (B) Head of a ¯y of genotype UAS±eyaII in
trans to dpp±GAL4. An ectopic eye, with pigmented ommatidia and bristles similar to a normal eye, is present in the antennal region
of the head (arrow). (C) Glass expression in a third-instar imaginal disc of a normal animal. Glass is restricted in expression to the
eye portion of the disc (Ellis et al., 1993). The position of the morphogenetic furrow is indicated by an arrowhead. (D) Glass expression
in a third-instar imaginal disc of an animal of genotype UAS±eyaII in trans to dpp±GAL4. Ectopic Glass expression is present in
photoreceptor clusters forming on the antennal portion of the eye±antennal imaginal disc (arrow). Arrowhead indicates position of
the furrow in the eye portion of the disc. Anterior is left in C and D.
1991). These studies showed that the type II cDNA was DISCUSSION
indeed capable of inducing the formation of ectopic eyes.
Eye structures, with ommatidia and bristles resembling
Role of the Eya Proteinthose of normal eyes, were seen in adult animals, most
prominently in the antennal region (Figs. 9A and 9B). Analy- The Eya protein is found localized to the nucleus. De-
sis of Glass expression, which is normally restricted to the tailed subcellular localization indicates that the protein is
eye portion of the eye-antennal disc (Fig. 9C; Ellis et al., nucleoplasmic; it is clearly distinct from the chromatin,
1993), revealed ectopic development of photoreceptor clus- ®lling the spaces between the chromosomes, and is ex-
ters in the antennal portion of the disc (Fig. 9D), consistent cluded from the nucleolus. Although this was best seen in
with the ecoptic eyes seen in adult animals. These studies salivary cells which afford detailed visualization, the pro-
indicate that, even though the embryonic function of the tein in eye disc cells supports this subcellular localization.
eya gene is involved in head morphogenesis, the variant of Most notably, in dividing cells, Eya was markedly absent
the Eya protein responsible for that functionÐthe type II from the chromatin. This subcellular localization stands in
Eya proteinÐdisplays the capacity to direct eye formation contrast to nuclear proteins with recognizable motifs that
bind to DNA (for example, see Messmer et al., 1992; N.during larval development.
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Bonini, unpublished observations). Other examples of nu- the head, body segments, and parts of the central nervous
system. Although the expression in some cases resolvescleoplasmic proteins include the cyclins, which couple pro-
tein kinase activity to the cell cycle events. The Eya protein to speci®c structures (for example, the pharyngeal mus-
cles in the late-stage embryo), a general theme of the ex-sequence is novel, although it is of interest to note that the
C-terminal region is highly conserved to humans (Abdelhak pression is association with developmental furrows or in-
vaginating tissue. In this light, the expression might beet al., 1997; Zimmerman et al., 1997), suggesting that this
part of the protein may be most critical for function. Ge- considered related to that associated with the morphogen-
etic furrow in the eye disc. The phenotypes of lethal al-netic mosaic analysis indicates that the gene functions
cellautonomously (Bonini et al., 1993; W. Leiserson, N. leles indicate dramatic defects in morphogenesis of the
head, leading to abnormal positioning of head structuresBonini, and S. Benzer, submitted).
Potential nuclear functions include transcription and its and failure of proper brain involution. This is consistent
with the expression pattern; eya function is apparentlyregulation, posttranscriptional processing, management of
the genome, and cell cycle regulation and checkpoints. Not needed for proper events in head morphogenesis. The ex-
pression of eya in a number of tissues of mesodermalall of these proteins will be uniformly expressed in the nu-
cleoplasm: for example, Drosophila RNA-processing pro- derivation in the head and body suggests that there might
be additional as yet unidenti®ed defects in musculature.teins are not uniform within the nucleoplasm like Eya, but
are preferentially expressed near chromatin, whereas cyclin Again, aspects of this expression are transient in nature;
for example, Eya is expressed in the mesoderm during(when in the nucleus) shows a distribution pattern like that
of Eya (N. Bonini, unpublished observations). Note that a initial invagination, but then expression wanes.
In the normal ¯y embryo, head involution is associatedsingle gene product can appear to have multiple biological
roles depending upon the presence of signaling molecules with cell death, which occurs primarily prior to stage 10
(Abrams et al., 1993)Ðfailure of head involution occurs inand other factors. For example, myc regulates cell prolifera-
tion, but also regulates cell survival (Evan et al., 1992); bcl- mutants of the cell death gene hid (head involution defec-
tive; Grether et al., 1995). Similarly, initiation of differentia-2 functions as a channel pore and a docking protein (Reed,
1997). Ectopic expression of the type I cDNA during the tion in the eye disc is associated with some elimination of
cells through apoptosis prior to the furrow (Wolff and Ready,larval stages can direct eye formation (Bonini et al., 1997).
Here we have shown that the type II cDNA, which is the 1991; Bonini et al., 1993; Hay et al., 1994). Loss of eya
function leads to massive death of retinal progenitor cellssole eya transcript expressed in the embryo, also displays
the capacity to direct eye formation. This indicates that prior to the furrow, eliminating them at a time when, in
normal ¯ies, some cells are removed. Detailed studies ofeither the type I or type II Eya proteins, when expressed to
suf®cient levels, can direct an appropriate program of genes embryos are needed to determine whether loss of eya func-
tion at this time is similarly correlated with cell death.to make an eye. Therefore, although the subcellular local-
ization of Eya does not reveal direct DNA binding, the role Alternatively, the gene may be involved in aspects of tissue
formation in the embryo that do not rely on cell death.of the gene product includes the capacity to alter gene ex-
pression. Thus, it seems reasonable to suggest that the Eya Based on the expression pattern, and knowledge of gene
mutation in the eye and embryo, it is tempting to speculateprotein can in¯uence the activity of DNA binding proteins,
perhaps through a critical regulatory activity. Of other key that the gene may have a role in coupling morphogenetic
movements with proper cellular differentiation.genes functioning at the same time as eya, both eyeless
and sine oculis have homeobox motifs indicating they bind Given the critical role of eya in eye formation, it is of
interest to compare its roles in the animal with those ofDNA (Quiring et al., 1994; Cheyette et al., 1994; Serikaku
and O'Tousa, 1994), and dac can be seen on chromatin when other genes required at a similar time in eye development.
Two genes of note characterized for expression pattern inexpressed in salivary gland cells (N. Bonini, unpublished
observations). In the eye, the gene function of eya includes the eye and embryo include eyeless and sine oculis. eyeless,
a ¯y Pax-6 homeobox homolog, has the capacity to functionnot only a role in differentiation, but also effects on cell
survival and cell division (Bonini et al., 1993; Pignoni et as a master control gene for eye formation (Quiring et al.,
1994; Halder et al., 1995a). In imaginal stages, eyeless ex-al., 1997). Taken together, these studies suggest that the
relationship of eya function to cell survival in the eye is pression is restricted to the eye portion of the eye imaginal
disc. However, eyeless also shows expression in the embryolikely to be indirect, due to an in¯uence on cell differentia-
tion. Other evidence indicates that eya appears to be a criti- in the ventral nerve cord and brain, suggesting that null
mutations in the eyeless gene may reveal defects in braincal, perhaps rate-limiting, component of eye formation,
showing biological synergy in ectopic eye formation with formation. Compared to the eya embryonic expression pat-
tern, however, eyeless expression appears more restrictedeyeless, dac, and sine oculis (Bonini et al., 1997; Chen et
al., 1997; Pignoni et al., 1997). and less dynamic. Similarly, the sine oculis gene, also en-
coding a homeodomain protein, shows a more restricted
and less dynamic embryonic expression pattern (Cheyette
The Role of eya in the Embryo et al., 1994; Serikaku and O'Tousa, 1994). Of interest, the
sine oculis pattern shows similarities to that of eya in beingIn the embryo, the eya gene displays an ornate expres-
sion pattern, including a dynamic mask of expression in associated with regions undergoing invagination; mutations
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in sine oculis show defects in aspects of brain invagination. stunted, with development arrested quite early in the germ-
arium. Together with the expression pattern, this suggestsSpeci®c roles of eyeless or sine oculis in visual system for-
mation have been proposed (Quiring et al., 1994; Cheyette a defect in follicle cells: differentiation, proliferation, or sur-
vival. The eya gene also functions at earlier stages of germ-et al., 1994; Serikaku and O'Tousa, 1994). That eya can
direct eye formation, but yet shows such a dramatic and line formation, notably in the embryo: lethal alleles of eya
show defects in coalescence of the germ cells with meso-widespread embryonic expression pattern, seems surprising.
The ``fundamental'' role of eya may also be in nervous sys- derm during embryonic development (Boyle et al., 1997).
These defects suggest that eya may be critical for aspectstem formation (mutants show gross defects in brain invagi-
nation)Ða role which became coopted into eye formation of germ cell differentiation that involve their recognition
by mesodermal cells. This role of eya again speaks to aduring evolution, along with the activities of eyeless, sine
oculis, among others (see, for example, Halder et al., 1995b; potential involvement in proper cellular interactions criti-
cal to morphogenesis.Zimmerman et al., 1997). However, there are clearly genes
critical to eye formation that have distinct roles in other
Similarity between Fly and Vertebrate Eyatissues. The dac gene can direct eye formation, but has
Expression Patternsother functions in the animal, including leg formation after
The elaborate expression pattern of Eya in the ¯y haswhich the gene was named (Mardon et al., 1994; Shen and
some remarkable similarities to the expression patterns ofMardon, 1997). Here we have shown that indeed the same
Eya homologs in vertebrates. In the mouse, Eya homologsvariant of the Eya protein that functions in the embryo can
are expressed during eye development, as well as in thedirect eye formation when expressed later in development.
adult eye, as in the ¯y (Duncan et al., 1997; Xu et al., 1997;Speci®city of function may relate to other genes that are
Zimmerman et al., 1997). Moreover, the Eya1 and Eya2expressed in the tissue at the same time: given that eya
homologs show widespread expression during tissue forma-synergizes in ectopic eye formation with eyeless, dac, and
tion (Abdelhak et al., 1997; Duncan et al., 1997; Xu et al.,sine oculis, eya presumably interacts with other, and at
1997; Zimmerman et al., 1997), in particular cranial plac-least in part different, proteins for its functions in other
odes, brain, and other organ formation (Xu et al., 1997).tissues of the animal.
Frequently, the expression of these two eya homologs are
complementary, rather than overlapping, suggesting nonre-
The Role of eya in Other Tissues dundant roles, possibly in mediating inductive signaling be-
tween tissues (Xu et al., 1997). Mutation of the EYA1 homo-In the normal ¯y, in addition to expression in the embryo
log in humans results in developmental defects, character-and eye progenitor cells, Eya protein is also expressed poste-
ized primarily by failure of proper ear and kidney formationrior to the furrow in select differentiating cells, in the ocelli,
(Abdelhak et al., 1997). This mutant phenotype is likelyand in the female germline. Whereas, in early stages of eye
due to loss of a single functional copy of the EYA1 genedifferentiation, Eya is present in all eye progenitor cells, the
in humans. Interestingly, unlike the ¯y, these particularpattern changes behind the furrow, the protein persisting
human mutations fail to show defects in eye formation orin undifferentiated cells at the bottom of the disc and in
function. One predicts that homozygous mutation of thedifferentiated cells associated with the photoreceptors,
gene is likely to be lethal, and will include effects on eyenamely, the cone and pigment cells. During pupation, re-
formation. We have shown that the mouse Eya2 homolog®nement of the lattice pattern normally occurs with progen-
can functionally replace the ¯y gene in eye formation, indi-itors of the pigment cells subject to a wave of cell death that
cating that the vertebrate genes are not only sequence ho-eliminates extraneous cells and establish the ®nal, precise
mologs, but also functional homologs (Bonini et al., 1997).pattern of ommatidia (Cagan and Ready, 1989; Wolff and
Moreover, we note that the vertebrate Eya genes appear toReady, 1991). The occurrence of Eya expression in these
functionally replace the ¯y gene at the protein level, sincecells may re¯ect a role in this process. Indeed, evidence
they do not turn on expression of the endogenous ¯y genesuggests a role of eya in neuronal development in the differ-
when expressed in the ¯y. Given the remarkable level ofentiating region of the disc, posterior to the furrow (Pignoni
sequence conservation of the Eya protein from ¯y to hu-et al., 1997).
mans, and the remarkable similarity in global expressioneya mRNA expression in the eye disc also occurs in
patterns between ¯y and humansÐin their dynamic naturecells of the region corresponding to the ocellar primor-
and association with a number of different developing struc-dium which, in each disc, gives rise to 1 and 1/2 ocelli
turesÐgreater details of the role of the gene in the ¯y,(Bryant, 1978). In the adult, many cells in each ocellus are
within these tissues in which we have de®ned expressionlabeled by the Eya antibody. These cells may be accessory
and mutational effects, are likely to be informative in ap-cone and pigment cells, as in the compound eye. Select
proaching the role of the gene in more complex organismsalleles of eya affect the ocelli, resulting in their loss in
like ourselves.the adult. It is possible that, in these mutants, the ocellar
progenitors may be affected in the same manner as those
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